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Search for the Standard Model Higgs boson in the diphoton decay 
channel with 4.9 fb^ of pp collision data at ^/i =7 TeV with ATLAS 

(The ATLAS CoUaboration) 

A search for the Standard Model Higgs boson is performed in the diphoton decay channel. The 
data used corresponds to an integrated luminosity of 4.9 fb~^ collected with the ATLAS detector 
at the Large Hadron Collider in proton-proton collisions at a center-of-mass energy of y/s — 7 TeV. 
In the diphoton mass range 110—150 GeV, the largest excess with respect to the background-only 
hypothesis is observed at 126.5 GeV, with a local significance of 2.8 standard deviations. Taking the 
look-elsewhere effect into account in the range 110—150 GeV, this significance becomes 1.5 standard 
deviations. The Standard Model Higgs boson is excluded at 95% confidence level in the mass ranges 
of 113-115 GeV and 134.5-136 GeV. 

PACS numbers: 14.80.Bn, 12.15.Ji, 14.70.Bh 



The Higgs mechanisni [3| is one of the best-motivated 
processes to explain electroweak (EW) symmetry break- 
ing. In the Standard Model (SM), this mechanism ex- 
plains the generation of the W and Z boson masses and 
predicts the existence of the only elementary scalar in the 
SM, the hypothetical Higgs boson. Prior direct searches 
at LEP, Tevatron and LHC exclude the SM Higgs boson 
with a mass mn < 114.4 GeV and 145 < niH < 206 GeV 
at 95% confidence level (CL) [l-Q. The present search 
for — 77 uses the full 2011 data sample collected 
by ATLAS at 7 TeV center-of-mass energy and updates 
prior results with 1.08 fb~^ 

The ATLAS detector @ consists of an inner tracking 
detector surrounded by a superconducting solenoid pro- 
viding a 2 T magnetic field, electromagnetic and hadron 
calorimeters, and a muon spectrometer. The main sub- 
detectors relevant to the search presented here are the 
calorimeters, in particular the electromagnetic section, 
and the inner tracking system. The inner detector pro- 
vides tracking in the pseudorapidity region \r]\ < 2.5 
and consists of silicon pixel- and microstrip-detectors 
inside a transition radiation tracker. The electromag- 
netic calorimeter, a lead/liquid-argon sampling device, 
is divided in one barrel {\ri\ < 1.475) and two end-cap 
(1.375 < |77| < 3.2) sections. The barrel {\r]\ < 0.8) 
and extended barrel (0.8 < < 1.7) hadron calorime- 
ter sections consist of steel and scintillating tiles, while 
the end-cap sections (1.5 < |ry| < 3.2) are composed of 
copper and liquid argon. 

The data were recorded using a diphoton trigger Q, 
each photon having a transverse energy, Et, of at least 
20 GeV, seeded by a lower-level trigger that required two 
clusters in the electromagnetic calorimeter with Et >12 
or 14 GeV, depending on the data-taking period. The 
trigger efficiency for the signal events passing the final 
offline selection is 99%. After applying data quality re- 
quirements, the total integrated luminosity of the dataset 
used in this analysis is 4.9 ± 0.2 fb~^ [8|]. 

Events are required to contain at least one vertex with 
at least three associated tracks, where the transverse mo- 



mentum, pt, of each track is required to be larger than 
0.4 GeV, as well as two photon candidates each seeded 
by an energy cluster in the electromagnetic calorimeter 
with Et > 2.5 GeV. Photons that convert to electron- 
positron pairs in the inner detector leave one or two 
tracks that are reconstructed and matched to the clusters 
in the calorimeter. The photon energy is calibrated sepa- 
rately for converted and unconverted photon candidates 
using Monte Carlo (MC) simulations of the detector [^. 
A correction, depending on pseudorapidity and typically 
of the order of ±1%, is applied to the calibrated photon 
energyas obtained from studies using Z — ^ ee decays in 
data [lO|. Photons are reconstructed in the fiducial re- 
gion \r]\ < 2.37, excluding the calorimeter barrel/end-cap 
transition regions 1.37 < |ry| < 1.52. The photon can- 
didates are ordered in Et and the leading (subleading) 
candidate is required to have Et > 40 GeV (25 GeV). 
Both candidates are required to pass further identifica- 
tion criteria based on shower shapes measured in the elec- 
tromagnetic calorimeter _and on the energy leakage into 
the hadron calorimeter 
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The photon reconstruction 
and identification efficiency ranges typically from 65% to 
95% for Et in the range 25 to 80 GeV. The two pho- 
ton candidates are required to be isolated by having at 
most 5 GeV energy deposited in the calorimeters in a 
cone of AR — ^ (Ar/)^ -i- (A^)^ — 0.4 around the can- 
didate, where is the azimuthal angle, after subtracting 
the energy assigned to the photon itself. The measured 



isolation [11| is corrected for lateral shower leakage and 



ambient energy from multiple proton-proton interactions 



(pileup), following the method in Ref. [1^. The isola- 
tion cut retains ^ 87% of Higgs boson signal events with 
niH = 120 GeV while rejecting ^ 44% of the selected 
data, which includes jets that can be misidentified as 
photons. 

The opening angle of the two photons, used in the cal- 
culation of their invariant mass, is determined using the 
trajectories of the photons. For a converted photon with 
a well-measured conversion vertex, the trajectory is de- 
termined from the straight line between the barycenter 
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of the associated energy deposits in the calorimeter and 
the conversion vertex. Otherwise, the trajectory is de- 
termined from the barycenters of the showers in the first 
and second layers of the calorimeter. The extrapolation 
of the trajectories as well as the average beam spot po- 
sition are used to determine the origin of the photons 
along the beam axis, z. The resolution of the z vertex 
coordinate is ~ 6 mm on average for two converted pho- 
tons with reconstructed tracks, and ^ 15 mm otherwise. 
The contribution of the resulting angular resolution to 
the mass resolution is negligible in comparison to that of 
the energy resolution. 

In total 22489 events pass the selection in the dipho- 
ton mass range 100—160 GeV. To confirm the dominance 
of the diphoton processes (77) over backgrounds with 
one or two misidentified jets (7j, jj), the composition of 
the selected sample is estimated using the data. A side- 
band technique [5| is used to estimate the numbers of 
77, 7j or jj events. The fraction of true diphoton events 
is estimated to be (71 ± 5) %. The amount of Drell-Yan 
background is estimated by selecting Z — > ee decays in 
data where either one or both electrons pass the photon 
selection. The measured composition is summarized in 
Table U and is compatible with MC expectations. This 
decomposition is not directly used in the signal search; 
however, it is used to validate the parametrization of the 
background fit (see below). 



TABLE I. Composition of the selected sample as obtained 
from the data in the mass window of 100—160 GeV. A sum 
in quadrature of statistical and systematic uncertainties is 
quoted. 
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7J 



Drell-Yan 



Events 16000 ± 1100 5230 ± 890 1130 ± 600 165 ± 8 
Fraction (71 ± 5) % (23 ± 4) % (5 ± 3) % (0.7 ±0.1)% 

The events are separated into nine mutually exclusive 
categories with different mass resolutions and signal-to- 
background ratios, to increase the sensitivity to a possible 
Higgs boson signal. Categories are defined by the conver- 
sion status, 77 of the selected photons, and pxt the 
component of the diphoton pT that is orthogonal to the 
thrust axis, as proposed in Ref. 1^. Events with two un- 
converted photons are separated into unconverted central 
i\r\\ < 0.75 for both candidates) and unconverted rest (all 
other events). Events with at least one converted pho- 
ton are separated into converted central {\ri\ < 0.75 for 
both candidates), converted transition (at least one pho- 
ton with 1.3 < I77I < 1.75) and converted rest (all other 
events). Excepting the converted transition category, 
each category is further divided by a cut at pTt=40 GeV 
into two categories, low prt and high pxt- MC stud- 
ies show that signal events, particularly those produced 
in vector-boson fusion (VBF) or in associated produc- 
tion [W/ZH and tiH)^ have on average larger pxt than 



TABLE II. Mass resolution ctcb (see text) and FWHM (both 
in GeV), expected number of signal events (Ns) for mH = 
120 GeV and number of events in the data (Nd) in each 
category for 4.9 fb~^. Ns and Nd are for the mass range 
100—160 GeV. The signal-to-background ratios (S/B) are 
given in a mass window containing 90% of the signal for 
niH = 120 GeV. 



Category 


CTCB 


FWHM 


Ns 


Nd 


S/B 


Unconverted central, low pxt 


1.4 


3.4 


9.1 


1763 


0.05 


Unconverted central, high pxt 


1.4 


3.3 


2.6 


235 


0.11 


Unconverted rest, low pTt 


1.7 


4.0 


17.7 


6234 


0.02 


Unconverted rest, high pTt 


1.6 


3.9 


4.7 


1006 


0.04 


Converted central, low pxt 


1.6 


3.9 


6.0 


1318 


0.03 


Converted central, high pxt 


1.5 


3.6 


1.7 


184 


0.08 


Converted rest, low pxt 


2.0 


4.7 


17.0 


7311 


0.01 


Converted rest, high pxt 


1.9 


4.5 


4.8 


1072 


0.03 


Converted transition 


2.3 


5.9 


8.5 


3366 


0.01 


All categories 


1.7 


4.1 


72.1 


22489 


0.02 



background events. The number of data events in each 
category is given in Table |TT1 

The distribution of the invariant mass of the dipho- 
ton events, m^j, summed over all categories, is shown in 
Fig. [1] The sum of the background-only fits (described 
below) to the invariant mass in each of the categories is 
superimposed. The signal expectation for a SM Higgs 
boson with mn — 120 GeV is also shown. The presence 
of the Higgs boson will appear as a narrow resonance in 
the invariant mass of the selected photon pairs superim- 
posed on a smoothly falling background. The residual 
of the data with respect to the total background as a 
function of TTl'-yy 1& also shown in Fig. [1] 

Higgs boson production and decay are simulated with 
several MC samples that are passed through a full de- 
tector simulation [l^ using Geant4 16 |. Pileup effects 
are simulated by overlaying each MC event with a vari- 
able number of MC inelastic proton-proton collisions [l3l ■ 
POWHEG [13, interfaced to Pythia [i3| for showering 
and hadronization, is used for generation of gluon fusion 
and VBF production. Pythia is used to generate the 
Higgs boson production in association with W/Z and tt. 

The Higgs boson production cross sections are com- 
puted up to next-to-next-to-leading order (NNLO) 20] in 
QCD for the gluon fusion process. In addition, QCD soft- 
gluon resummations up to next-to-next-to-leading log 
(NNLL) improve the NNLO calculation [2l|. The next- 
to-leading order (NLO) EW corrections are applied [22 1. 



These results are compiled in Refs. [23| assuming fac- 
torisation between QCD and EW corrections. The cross 
sections for the VBF process are calculated with full NLO 
QCD and EW corrections {2^, and approximate NNLO 
QCD corrections are available [25]. The W/ZH processes 
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FIG. 1. Invariant mass distribution for the selected data sam- 
ple, overlaid with the total background (see text). The bot- 
tom inset displays the residual of the data with respect to the 
total background. The Higgs boson expectation for a mass 
hypothesis of 120 GeV corresponding to the SM cross section 
is also shown. 



are calculated at NLO [26Land at NNLO [27|, and NLO 
EW radiative corrections [28| are applied. The full NLO 
QCD corrections for ttH are calculate d l29i . The Higgs 
boson cross sections, branching ratios [30[ and their un- 
certainties are compiled in Ref. [sif . 

The cross sections multiplied by the branching ratio 
into two photons are listed in Table IIIIl The number 
of signal events produced by gluon fusion is rescaled to 
take into account the expected destructive interference 
between the gg — ^ 77 continuum background and the 
gg ^ H ^ process [121 , leading to a reduction of the 
production rate by 2—5% depending on mn and analysis 
category. The fractions of gluon-fusion, VBF, WH, ZH 
and ttH production are approximately 87%, 7%, 3%, 2% 
and 1%, respectively, for niH = 120 GeV. 

The shower shape variables of the simulated samples 
are shifted to agree with the corresponding distributions 
in the data and the photon energy resolution is 
broadened to account for differences observed between 
Z ^ ee data and MC events. Events generated with 
POWHEG at NLO have been reweighted to match the 
Higgs boson distribution predicted by HqT [3^ . The 
signal yields expected for 4.9 fb~^ and selection efficien- 
cies are given in Table IIIIl 

The invariant mass shape of the signal in each c ateg ory 
is modeled by the sum of a Crystal Ball function [3J| de- 
scribing the core of the distribution with a width acs, 
and a wide Gaussian with a small amplitude describing 
the tails of the mass distribution. In Fig. [2] the sum of 
all signal processes in all categories is shown for a Higgs 
boson with uih = 120 GeV. The expected f uU- width- at- 



half-maximum (FWHM) is 4.1 GeV and acB is 1.7 GeV. 
The resolution varies with category (see Table HI)) . The 
signal-to-background ratio (S/B), calculated in a mass 
window symmetric about the signal maximum and con- 
taining 90% of the signal, varies from 0.11 to 0.01 de- 
pending on the category and is also shown in Table llll 

The background in each category is estimated from the 
data by fitting the diphoton mass spectrum in the range 
100—160 GeV with an exponential function with free 
slope and normalization parameters. The background 
curve in Fig. [T] is the sum of these nine contributions. 
For each category, a single exponential fit satisfactorily 
describes the mass spectrum. This has been checked us- 
ing large samples of diphoton events produced by the 
Resbos [iil and DiPHOX [sl] MC generators. 
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FIG. 2. Reconstructed invariant mass distribution for a sim- 
ulated signal of mn ~ 120 GeV summed over all categories, 
superimposed with the fit to the signal model. 

The difference between the exponential function and 
the true background will contribute to an excess or a 
deficit of events over background expectations. In order 
to take this into account in a conservative way, a term 
is included in the likelihood function that allows for a 
signal-like component that is consistent with the back- 
ground uncertainty. For each category this uncertainty 
is estimated from MC by the difference between the mass 
distribution of diphoton events generated with Resbos 
and the result of the exponential fit to this distribution. 
Photon reconstruction and identification efficiencies are 
taken into account. The MC events are scaled to cor- 
respond to 4.9 fb^^ of data. The uncertainty is then 
the maximal difference between the MC shape and the 
model integrated in a sliding mass window of 4 GeV, the 
approximate FWHM of the expected signal. The uncer- 
tainties obtained are ±(0.1—7.9) events depending on the 
category. Pseudo experiments are used to check that the 
sum of 77, 7j and jj events can also be described well 
by the exponential model. The background uncertainties 
are further validated by fitting the data with functions 
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TABLE III. Higgs boson production cross section multiplied 
by the branching ratio into two photons, expected number 
of signal events summed over all categories for 4.9 fb~^ and 
selection efficiencies for various Higgs boson masses. 



niH [GeV] 


110 


115 


120 


125 


130 


135 


140 


145 


150 


a X BR [fb] 


45 


44 


43 


40 


36 


32 


27 


22 


16 


Signal events 


69 


72 


72 


69 


65 


58 


50 


41 


31 


Efficiency [%] 


31 


33 


34 


35 


37 


37 


38 


38 


39 



that have more degrees of freedom than the single expo- 
nential, and comparing the residuals to those obtained 
with the exponential fit. 

The dominant experimental uncertainty on the signal 
yield is the photon reconstruction and identification ef- 
ficiency (±11%), which is estimated with data by using 
electrons from Z and W decays and photons selected 
from Z ££j {£ = e, /i) events. Pileup also affects 
the identification efficiency and contributes to the uncer- 
tainty (±4%). Further uncertainties on the signal yield 
are related to the trigger (±1%), Higgs boson pT model- 
ing (±1%), isolation (±5%) and luminosity (±3.9%). Un- 
certainties on the predicted cross sections are due to un- 
certainties on the QCD renormalization and factorization 
scales (ig^%) and on the parton density functions (PDF, 
[s?! and references therein) and as (±8%). The total 
uncertainty on the signal yield is ^^y%. The total un- 
certainty on the mass resolution is ±14%, dominated by 
the uncertainty on the energy resolution of the calorime- 
ter, determined from Z — > ee events (±12%). Further 
uncertainties on the mass resolution result from an im- 
perfect knowledge of material in front of the calorimeter 
affecting the extrapolation from electron to photon cal- 
ibration (±6%), the impact of pileup (±3%) estimated 
from events taken with random triggers, and the pho- 
ton angle measurement (±1%) estimated using Z ^ ee 
events. The uncertainty on the knowledge of the material 
in front of the calorimeter is used to derive the amount of 
event migration between the converted and unconverted 
categories (±4.5%). Different PDFs and scale variations 
in HqT calculations are used to derive possible event 
migration between high and low pTt categories (±8%). 

A modified frequentist approach (CLs) [1^ for set- 
ting limits and a frequentist approach to calculate the po 
value are used [3^. The po is the probability that the 
background fluctuates to the observed number of events 
or higher. The combined likelihood, which is a function 
of the ratio of the measured cross-section relative to that 
of the SM prediction, is constructed from the unbinned 
likelihood functions of the nine categories. Systematic 
uncertainties are incorporated by introducing nuisance 
parameters with constraints. Asymptotic formulae (40| 
are used to derive the limits and po values, which are 



refined with pseudo experiments 4l| , as functions of the 
hypothetical Higgs boson mass. 

The observed and expected local po values and the 
95% CL limits on the Higgs boson production in units 
of the SM cross section are displayed in Figs. [3] and ID 
Before considering the uncertainty on the signal mass po- 
sition, the largest excess with respect to the background- 
only hypothesis in the mass range 110—150 GeV is ob- 
served at 126.5 GeV with a local significance of 2.9 stan- 
dard deviations. The uncertainty on the mass position 
(±0.7 GeV) due to the imperfect knowledge of the photon 
energy scale has a small effect on the significance. When 
this uncertainty is taken into account, the significance is 
2.8 standard deviations; this becomes 1.5 standard devi- 



ations when the look elsewhere effect [42| for the mass 
range 110—150 GeV is included. The median expected 
upper limits of the cross section in the absence of a true 
signal, at the 95% CL, vary between 1.6 and 1.7 times the 
SM cross section in the mass range 115—130 GeV, and 
between 1.6 and 2.7 in the mass range 110—150 GeV. The 
observed 95% CL upper limit of the cross section relative 
to the SM cross section is between 0.83 and 3.6 over the 
full mass range. A SM Higgs boson is excluded at 95% CL 
in the mass ranges of 113—115 GeV and 134.5—136 GeV. 
These results are combined with SM Higgs searches in 
other decay channels in Ref. [411] . 
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FIG. 3. The observed local po, the probability that the back- 
ground fluctuates to the observed number of events or higher 
(solid line). The open points indicate the observed local po 
value when energy scale uncertainties are taken into account. 
The dotted line shows the expected median local po for the 
signal hypothesis when tested at niH- 
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Y.S. Gaoi42>e^ V.A. Gapicnkoi^^, A. Gaponenko", F. Garbersoni^-*, M. Garcia-Sciveres^^, C. Garciaisc, J.E. Garcia 
Navarroi'^^ R.W. Gardner^", N. GarcUi^s, H. Garitaonandia^"'', V. Garonne^^, J. Garvcyi^ C. Gatti^^, 

G. Gaudio"^^, B. Gaur^^^o, L. Gauthier^s, p. Gauzzii^i^asib^ j l_ Gavrilenko^^, C. Gay^", G. Gaycken^o, 

J-C. Gayde^s, E.N. Gazis^ P. Ge^^^^, C.N.P. Gee^2^ D.A.A. Gccrtsi"", Gh. Geich-GimbeP°, K. Gellerstedt"^'''"^'', 

C. Gemnie50% A. Gemmell^^^ M.H. Genest^s, S. Gentilci^ia.isib^ Georgc^^^ S. George^^^ P. Gerlach^^^^ 

A. Gershonis^ C. Geweniger^s^, H. Ghazlanei34b^ n. Ghodbane^^, B. Giacobbei^'^, S. Giagui^^^''^^^'', 

V. Giakoumopoulou^, V. Giangiobbe", F. Gianotti^", B. Gibbard^^, A. Gibson^", S.M. Gibson^s, L.M. Gilbert"'', 
V. GilewskySO, D. Gillberg^s, A.R. Gillmani^s, D.M. Gingrich^^'', J. Ginzburg^^^ N. Giokaris^, M.P. Giordanii^Sc, 
R. Giordano^oi'^'ioi'', P.M. Giorgii^, R Giovannini^s , RF. Giraud^^s, D. GiugniSS'^, M. Giunta^^ P. Giusti^^^, 

B. K. Gjelsten"6, L.K. Gladilin^^ C. Glasman^'^, J. Glatzer^s, A. Glazov^i, K.W. Glitza^''^, G.L. Glonti^^, 
J.R. Goddard''4, J. Godfrcyi^i, J. Godlewski^^, M. Goebel^'i, T. Gopfert'^^^ C. GoeringerSO, C. Gossling^^ 
T. G6ttfert3^ S. Goldfarb*^, T. GoUingi''^, A. Gomesi^Sa.b^ l.S. Gomez Fajardo"*!, R. GonQalo''^ 

J. Goncalves Pinto Firmino Da Gosta''^, L. Gonella^°, A. Gonidec^^, S. Gonzalez^''^, S. Gonzalez de la Hoz^^^, 

G. Gonzalez Parra'^-'^, M.L. Gonzalez Silva^^, S. Gonzalez-Scvilla'*^, J.J. Goodson^'*'', L. Goossens^^, 

P.A. Gorbounov94, ^ Gordon^^, I. Gorelovi"^ G. Gorfinei''-\ B. Gorini^^, E. Gorini^'i^-'^i'', A. Gorisek''3, 

E. Gornicki^s, S.A. Gorokhoyi", V.N. Goryachevi", B. Gosdzik^i, M. Gossclinkio^, M.I. Gostkin^^, 

I. Gough Eschrichi62, M. Gouighrii34a^ d. Goujdamii34c^ M.P. Goulcttc^^, A.G. Goussioui", C. Goy", 

S. Gozpinar^^, I. Grabowska-Bold"^'', P. Grafstrom^^, K-J. Grahn^^, F. Grancagnolo''^'', S. Grancagnolo^^, 

V. Grassii47, y. Gratchevi^o, N. Grair^^^ H.M. Gray^^, J.A. Gray^", E. Grazianii33a^ q.G. Grebenyuk^^o, 

T. Grccnshaw'^2^ Z.D. Grccnwood^^.', K. Grcgcrscn''''l I.M. Grcgor'*\ P. Grcnieri'*^ J. Griffiths^", 

N. Grigalashvilif'4, A.A. Grilloi^G, S. Grinstcin", Y.V. Grishkcvich<^f\ J.-F. Grivaz"*, M. Groh«», E. Gross^™, 

J. Grossc-Knctter-^4, J. Groth- Jensen"", K. Grybcli^o, y.J. Guarino^, D. Guest"*, C. Gmcheney^^, 

A. Guida''i'-'''^"\ S. Guindon-'^^ H. Guler^*'", J. Gunthcri^*, B. Guo^", J. Guo^*, A. Gupta^", Y. Gusakov^*^ 

V.N. Gushchin^", P. Gutierrez"", N. Guttmani^^ O. Gutzwiller"i, C. Guyot^^s, C. Gwenlani", C.B. Gwilliam''^ , 

A. Haas"2, S. Haas^^, C. Haber", H.K. Hadavand^^, D.R. Hadley", P. Haefner^^, F. Hahn^^, S. Haider^^, 

Z. Hajduk^s, H. Hakobyan"^, D. Halli", J. Haller^*, K. Hamaclier"^, P. Hamal"^ M. Hamer^*, 

A. Hamilton^"'''", S. Hamilton^"", H. Han32a, L. Han32b, K. Hanagaki"^, K. Hanawai-^", M. Hance", C. Handel^", 

P. Hanke^sa^ j Hansen^s, J.B. Hansen^s, J.D. Hansen^s, P.H. Hansen^s, P. Hansson"2, K. Harai""^", G.A. Hare^^*^, 

T. Harenberg"3, S. Harkusha^^ D. Harper^", R.D. Harrington^^^ O.M. Harris"'', K. Harrison", J. Hartert*^ 

F. Hartjesi"*, T. Haruyama"^, A. Harvey"^", S. Hasegawa^"", Y. Hasegawa"", S. Hassani"^ M. Hatches, D. HaufP^, 
S. Haugis, M. Hauschild29, R. Hauser^', M. Havranek^", B.M. Hawes"', CM. Hawkes", R.J. Hawkings^^, 

A.D. Hawkins™, D. Hawkinsi62, T. Hayakawa^e, T. Hayashiiss, D. Hayden^^^ H.S. Hayward'^, S.J. Haywood^^s, 
E. Hazen^i, M. He32d, S.J. Head", V. Hedberg^'^, L. Heelan'', S. Heim^'', B. Heinemann", S. Heisterkamp^^, 
L. Helary*, C. Heller^', M. Heller^^, S. Hellman"5a,i45b^ Hellmich^", G. Helsens", R.C.W. Henderson™, 
M. Henke^^'', A. Henrichs^'^, A.M. Henriques Gorreia^^, S. Henrot-Versille"*, F. Henry-Gouannier^^^ q Hensel^*, 
T. Henfi"3, CM. Hernandez'', Y. Hernandez Jimenez^^^, R. Herrberg", A.D. Hershenhorn"\ G. Herten'*^, 
R. Hertenberger", L. Hervas^^, G.G. Hesketh''6, N.P. Hessey™*, e. Higon-Rodriguezi^e, D. Hill^'*, J.G. HilP'', 
N. HiU^, K.H. Hiller4\ S. Hillert^", S.J. HiUier", I. Hinchliffe", E. Hines"^, M. Hirose"^, F. Hirsch*^^ 

D. Hirschbuehl"3, J. Hobbs"'', N. Hod^^^ M.C Hodgkinson^^s, p. Hodgson"^ A. Hoecker^s, M.R. Hoeferkampi"^ 
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J. Hoffmanns, D. HoffmannS^ M. Hohlfeld^", M. Holder^o, S.O. Holmgrcn"'"^^, T. Holyi^e, J.L. Holzbauer8^ 
Y. Hoinma'5'^, T.M. Hong"^, L. Hooft van Huysduynen^o^, T. Horazdovskyi^R, C. Horn^'^^ S. Horner^^, 
J-Y. HostachySS, S. Rou^^^, M.A. Houlden^^, A. Hoummadai^^a, j. HowarthSi, D.F. Howellll^ I. Hristova l^ 
J. Hrivnaci"^ I. Hruskai24, T. Hryn'ova", P.J. Hsu^o, S.-C. Hsu", G.S. Huang^o, Z. Hubaccki26, p. Hubaut^^^ 

F. Huegging20, A. Huettmann^i , T.B. Huffman^", E.W. Hughes^^, G. Hughes™, R.E. Hughes- Jones^i, 

M. Huhtinen29, P. Hurst", M. Hurwitzl^ U. Husemann^S N. Huseynov^^'P, J. Huston8^ J. Huth^^, G. lacobucci^^, 

G. lakovidis^, M. Ibbotson®^, I. Ibragimov^'"', R. Ichimiya^^, L. Iconomidou-Fayard^^^, J. Idarraga^^^, P. lengo"^""^*, 
O. IgonkinaiO"*, Y. Ikegami^s, M. Ikeno'^s, Y. Ilchenko^^, D. Ihadis^^^^ N. Ilic^^^, M. luioii^^^, T. Ince^o, 

J. Inigo-Golfin29, P. loannou*, M. lodice^^^'*, V. Ippolito^^^'^'i^i^, A. Irles Quilesl'^^ C. Isakssoni^s, A. Ishikawa*^^, 
M. Ishino^'^, R. Ishmukhamctov^^, C. Issever^^'^, S. Istin^^'^, A.V. Ivashini^"^, W. Iwanski^*^, H. Iwasaki^^, 
J.M. Izen^o, V. Izzo^°^'', B. Jackson"", J.N. Jackso^^^ P. Jacksoni42, M.R. Jaekel^^, V. Jain^o, K. Jakobs^^^, 
S. Jakobsen^s, J. Jakubek^^e^ ^ k. Jana"°, E. Jankowski^", E. Jansen^^^, H. Jansen^^, A. Jantsch''*, M. Janus*^, 

G. Jarlskog'^*, L. Jeanty^'^, K. Jelen^'^, I. Jen-La Plante^", P. Jenni^^, A. Jeremie"', P. Jez^^, S. Jezequel'', 

M.K. Jha^"'', H. Jii^\ W. Ji*°, J. Jia^"*^, Y. Jiang^^^, M. Jimenez Belenguer^i, G. Jin^^^, S. Jin32'^, 0. Jinnouchii^e, 
M.D. Joergensen^s, D. Joffe^'', L.G. Johansen^^, M. Johanscni45a,i45b^ E Johansson^'^^^, P. Johansson^^s, 
S. Johnert^i, K.A. Johns^, K. Jon-Andi^^^^"''^'', G. Joncs"^ R.W.L. Jones™, T.W. Jones™, T.J. Jones^^ 
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R.M. Jungst^s, V. Juraneki24, p. Jussel^S A. Juste Rozas", V.V. Kabachenko^^^, s. Kabanal^ M. Kaci^^e^ 

A. Kaczmarska^s, P. Kadlecik^^, M. Kado"", H. Kagan^"*, M. Kagan'", S. Kaiser"*, E. Kajomovitz^^^ 
S. Kalinin"3^ L.V. Kahnovskaya*^^^ g Kama^^, N. Kanayai^"*, M. Kaneda^", S. Kaneti^^, T. Kannoi^*^, 
V.A. Kantserov"^ J. Kanzaki^'l B. Kaplan"*, A. Kapliy^°, J. Kaplon^", D. Kar*^ M. Karagounis^o, 

M. Karagoz"^ M. Karnevskiy^i, K. Karr^, V. Kartvelishvili™, A.N. Karyukhin^^^, L. Kashif^i, G. Kasieczka'^*^, 
R.D. Kassi°8, A. Kastanas^^ M. Kataoka*, Y. Kataokai54^ Katsoufis", J. Katzy^i, V. Kaushik^, K. Kawagoe'^^ 
T. Kawamotoi^*, G. Kawamura^o, M.S. Kayl^^*, V.A. Kazaninioe, M.Y. Kazarinov^*, R. Keeler^^s, R. Kehoe^'', 
M. Keil'5^ G.D. Kekehdze*^*^ J.S. Kelleri^^, J. Kennedy^^ M. Kenyon^^, O. Kepkai24, N. Kerschen^", 

B. P. Kersevan™, S. Kersten"^^ ^ Kessokui^"*, J. Keung^", F. Khahl-zada™, H. Khandanyani64, A. Khanov"i, 

D. Kharchenko64, A. Khodinov"^, A.G. Kholodenkoi^^, A. Khomichss^ T.J. Khoo^^, G. Khoriauh^o, 

A. Khoroshiloyi™, N. Khovanskiy^*, V. Khovanskiy"*, E. Khramov^*, J. KhubuaSii^, H. Kini"5a,i45b^ j^/j g_ j^jj^2^ 
S.H. Kimis", N. Kiniura^^", O. Kind^^, B.T. King^^ M. King^e, R.S.B. King"^ J. Kirk^^s, L.E. Kirsch22, 
A.E. Kiryunin^s, T. Kishimoto^'^, D. Kisielewska^^, T. Kittelmanni22, A.M. Kiver^^^, E. Kladiva^^b^ 
J. Klaiber-Lodewigs''^, M. Klein^^^ U. Klein^^ K. Kleinknecht^o, M. Klemetti**, A. Kher^™, P. Klinieki45a445b^ 
A. Klinientov24, R. Khngenberg42, J.A. Khnger^i, E.B. Khnkby'''\ T. Khoutchnikova^", P.F. Klok^o^, S. Klous^o*, 

E. -E. Kluge^*^, T. Kluge^^ P. Kluit^"*, g. Kluth"*, N.S. Knecht^", E. Kneringer^i, J. Knobloch^s, 

E.B.F.G. Knoops*^^ A. Knue^'^, B.R. Ko**, T. Kobayashii^*^ ]y[_ Kobel''^^ M. Kociani42, R Kodys^^s, K. Koneke^", 

A.C. Konigi"3^ g KoenigSO, L. K^pke^", F. Koetsveidio-\ P. Koevesarki^o, T. Koffas^*, E. Koffemani"-*, 

L.A. Kogan"^, F. Kohn^*^ 2. Kohout^^e, T. Kohriki^^, T. Koii42, T. Kokott^", G.M. Kolachevio^, h. Kolanoskii5, 

V. Kolesnikov^"', I. Koletsou*^^^, J. Koll*^^ M. KoUcfrath^s. S.D. Kolya^\ A.A. Komar"^ Y. Komorii"'^'', T. Kondo'^^ 

T. Kono4i'9, A.I. Kononov^s, R. Konophchi"^''^, N. Konstantinidis''', A. Kootzi^-\ S. Koperny-^^ K. KorcyP^, 

K. Kordasi-^3, V. Koreshev^^^, A. Korn"^ A. Korol^o^ I. Korolkov", E.V. Korolkova^^s, V.A. Korotkov^^^, 

O. Kortner^s, S. Kortncr"^ V.V. Kostyukhin^" , M.J. Kotamaki^", S. Kotov^^, V.M. Kotov^*, A. Kotwal44, 

C. Kourkoumehs^, V. Kouskoura^-'^'^ A. Koutsniani''^'^'\ R. Kowalewski^*^'^, T.Z. Kowalski^^'^, W. Kozanecki"^, 
A.S. Kozhin^^'', V. Kral^^^, V.A. Kramarenko"®, G. Kramberger"^^, M.W. Krasny^'', A. Kraszuahorkay^""^, 

J. Kraus^^, J.K. Kraus^°, A. Kreisel^'"'^, F. Krejci^^®, J. Kretzschmar^^, N. Krieger'"'*, P. Krieger^^^, K. Kroeninger^'*, 

H. Kroha"«, J. Kroll"", J. Kroseberg^", J. Krstic^^a, u. Kruchonak^*, H. Kriiger^", T. Kruker^^ N. Krumnack^s, 
Z.V. Krumshteyn64, A. Kruth^o, T. Kubota*^'\ S. Kuday^'^, S. Kuehn^^, A. Kugel^^^ T. Kuhl^i, D. Kuhn^^, 

V. Kukhtin64, Y. Kulchitsky^", S. Kuleshov^i^, C. Kumnier"^ M. Kuna", N. Kundu"^, J. Kunkle"", A. Kupcoi24^ 

H. Kurashige^e, M. Kurata^^s, Y.A. Kurochkin*^", V. Kusi24, E.S. Kuwertz^^e, M. Kuze^^^ J. Kvita^^i, R. Kweel^ 

A. La Rosa*", L. La Rotonda^e^-seb^ Labarga™, J. Labbe*, S. Lablaki34a, c. Lacastai^e, F. Lacavai^ia.isib^ 

H. Lackeris, D. Lacour^^ V.R. Lacuestal<^^ E. Ladygin64, R. Lafaye*, B. Laforge^^ T. Lagouri™, S. Lai*^, 

E. Laisne^^, M. Lamanna^", L. Lambourne™, C.L. Lampen®, W. Lanipl®, E. Lancon^^^, U. Landgraf*^, 

M.P.J. Landon^*, J.L. Lane^^, C. Lange*i, A.J. Lankfordi«2, F. Lanni24, K. Lantzsch^™, S. Laplace^^ C. Lapoire^o, 

J.F. Laporte^^s^ Lari^^^, A.V. Larionov i^^, A. Larner""^, C. Lasseur^", M. Lassnig^", P. Laurelh*'^, 

V. Lavorini^^'^'^eb, W. Lavrijsen", P. Laycock^^^ A.B. Lazarev^*, O. Le Dortz^^ E. Le Guirriec^^ C. Le Maner^", 

E. Le Menedeu", C. LebeF, T. LeCompte^, F. Ledroit-GuiUon^s, H. Lee^o*, J. S.H. Lee"^, S.C. Lee^^^o, L. Lee"*, 

M. Lefebvrei^s^ M. Legendre"^ A. Leger*", B.C. LeGeyt"", F. Legger"^ C. Leggett", M. Lehmacher^o, 

G. Lehmann Miotto^^, X. Lei^ M.A.L. Leite^^d, R. Leitner^^s, D. Lellouch"o, M. Leltchouk34, B. Lemmer^*, 
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V. Lenderniann'58^ K.J.C. Lcncy^^^^, T. Lenz^^^^ G. Lenzcni^^, B. Lenzi^^, K. Leonhardt^s, S. Leontsinis^ 

C. Leroy^2^ J-R. Lessardl^^ J. Lesser^^^a^ q q Lester^^, A. Leung Fook Cheongi^\ J. Leveque^ D. Levin8^ 
L.J. Levinsoni^o, M.S. Levitskii27, A. Lewis^", G.H. Lewis^o^ A.M. Leyko^o, M. Leytoni^, B. Li^^, H. Li^^^-^, 

S. Li32b,*, X. Li86, Z. Liangii^'", H. Liao^a, B. Liberti^s^a^ p. Lichard^^, M. Lichtncckcr''^ K. Lici^^^ W. Liebig^^, 
R. Lifshitz^si^ Q Limbach^o, A. Limosani^s, M. Liniper62, S.C. Lini^o.", F. Linde"'"', J.T. LinnemannS^, 

E. Lipeles"^ L. Lipinskyi^^, A. Lipniackal^ T.M. Uss^^^, D. Lissauer^*, A. Lister4^ A.M. Litke^^e^ q ^^28^ 

D. Liui-"^", H. Liu^e, J.B. Liu^^ M. Un^^"", Y. Un^^"", M. Livan"^^'"^'^, S.S.A. Livermorc"^ A. Lleres^^^ 
J. Llorente Merino^^, S.L. Lloyd^'', E. Lobodzinska'*\ R Loch^ W.S. Lockmani^e, T. Loddenkoetter^o, 

F. K. Loebinger^i, A. Loginov^^*, C.W. Lohi^^, T. Lohsel^ K. Lohwasser^s, M. Lokajicek^^^, j. Loken 

V.P. Lombardo'^, R.E. Long™, L. Lopes^^Sa^ Lopez Matcos", J. Lorenz^^, N. Lorenzo Martinez"^, M. Losada^'^S 
P. Loscutoff", F. Lo Sterzo^3ia,i3ib^ j_ Lostyi^^'^, X. Lou'^o, A. Lounis""*, K.F. Loureiro^si^ j Love=^\ 
P.A. Love™, A.J. Lowei*2,e^ p Ly32a^ jj J Lubattii37, c. Lucii^ia.isib^ a. Lucotte5^ A. Ludwig*^^ D. Ludwig*\ 
I. Ludwig48, J. Ludwig48, F. LuehringSO, G. Luijckx™"^ w. Lukas^^i, D. Lumb^s, L. Luminarii^i'^, E. Lund"^ 

B. Lund-Jenseni46, B. Lundberg^^ J. Lundberg"5a,i45b^ j_ Lundquist^^, M. Lungwitz^o, G. Lutz^^, D. Lynn^^, 
J. Lys^^, E. Lytken7^ H. Ma^^, L.L. Ma^^S J.A. Macana Goia^^, G. Maccarrone^^, A. Macchiolo''^, B. Macek^^^ 
J. Machado Migucns 

i23a^ R. Mackeprang35, R.J. Madaras", W.F. Mader''^, R. M acnncr , T. Macno , 
P. Mattig"3, S. Miittig'^i, L. Magnoni^s, E. Magradze^'', Y. Mahalalell5^ K. Mahboubi'^^, S. Mahmoud^^^ 

G. Mahout^^ C. Maiani^^iaasib^ q Maidantchik^^*, A. Maio^^Sa.fe^ g Majewski^^, Y. Makida6^ N. Makovec^", 
P. Mal"5, B. Malaescu29, Pa. Malecki^^, P. Malccki^s, V.P. Malcevi^o, F. Malek^^, U. Mallik^^ D. Malon^, 

C. Malonei''^ S. Maltezos^ V. Malyshev™^, S. Malyukov^^, R. Mameghani^^ J. Mamuzici^b, A. Manabe^^, 

L. Mandelli®^'', I. Mandic'^^, R. Mandrysch^^, J. Maneira^^^*", P.S. Mangeard^'^, L. Manhaes de Andrade Filho^^*, 

LD. Manjavidze'5^, A. Mann^"*, P.M. Manning^-'^'^, A. Manousakis-Katsikakis^, B. Mansoulie^^^, A. Manz^*, 

A. Mapelli^s, L. Mapelli^^, L. March ™, J.F. Marchand^^, F. Marchese^^^^'^^^'', G. Marchiori^^, M. Marcisovskyi24^ 

G.P. Marino^ss, F. Marroquim^s^, R. Marshall^\ Z. MarshalF, F.K. Martens^^^, S. Marti-Garciai^**, 

A.J. Martini'^'*, B. Martin^^, B. Martin^^ F.F. Martin"^, J.P. Martin^^ Ph. Martin^^ T.A. Martin^'', 

V.J. Martin'*'^, B. Martin dit Latour''^, S. Martin-Haugh^^^, M. Martinez^^ V. Martinez Outschoorn", 

A.C. Martyniukiss^ Marx^i, F. Marzano^^ia^ Marzin"°, L. Masetti^^, T. Mashimo^^", R. Mashinistov^^, 

J. Masik^i, A.L. Maslennikovi"6^ i. Massa^^^'i^*^, G. Massaro™"^ N. Massol", P. Mastrandrca"ia43ib^ 

A. Mastroberardino^'^'^'^^'^, T. Masubuchii-'^'', P. Matricon^", H. Matsumoto^^"', H. Matsunaga^^'', T. Matsushita^^, 
G. Mattravers"^'^ J.M. Maugain^^, J. Maurer^^, S.J. Maxficld^^^ D.A. Maximov™^'-'', E.N. May^ A. Mayne^s, 
R. Maziniiso, M. Mazur^o, M. Mazzanti*^«^ S.P. Mc Kcc^e, A. McCarni64^ R.L. McCarthy"^ T.G. McCarthy's, 
N.A. McCubbini28^ K.W. McFarlane5^ J.A. Mcfaydcn^^s, H. McGlonc^^^ G. Mchcdhdzc^"', R.A. McLaren'^, 

T. Mclaughlani^ S.J. McMahon^'s, R.A. McPhersoni^SJ, A. Meadc«'\ J. Mcchnichi"*, M. Mechteli™, 

M. Medinnis''\ R. Meera-Lebbai"°, T. Mcguro"^ R. Mehdiyev^', S. Mchlhasc''''\ A. Mehta"^'^ K. Mcicr'"^*^, 
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F. S. Mcrritf''", H. Mcrritt^^^, A. Messina'^, J. Metcalfe™'^ A.S. Mctc^^, C. Mcycr*°, C. Meyer'''", J-P. Mcyer^^s^ 
J. Mcyer^^^ J. Mcyer'"^"^ rj.^^ Meyer'^, W.T. Meyer^^^ J. Miao-'^'d^ Michal^^, L. Micu2'5'\ R.P. Middleton^'S, 
S. Migas^^ L. Mijovic^i, G. Mikenberg^™, M. Mikcstikovai24^ m. Mikuz™, D.W. Miller^", R.J. Miller^"^, 

W.J. Millsi*^'^ C. Mills", A. Miloyi™, D.A. Milstead"'^''''"5b^ Milsteini™, A.A. Minaenkoi'^^ m. Miiiano 

Moya^ee^ LA. Minaslivili^^ A.L Mincer"'^ B. Mindur'^^ M. Mineev*^'*, Y. Mingi^\ L.M. Mir", G. Mirabellii^ia^ 

L. Miralles Verge", A. Misiejuk^^ J. Mitrevskii^e, G.Y. Mitrofanov^'^^ V.A. Mitsouls^ S. Mitsui^^ 

P.S. Miyagawai38, K. Miyazaki^^^ J.U. Mj6rnnlark^^ T. Moa"5a,i45b^ Mockett^^^^ S. Mocd", V. Mocller'^, 

K. Monig4i, N. Moser'o, S. Mohapatra"^, W. Mohr^^, S. Mohrdieck-M6ck''^ A.M. Moissceyi^^-*^ r. Molcs-Vallsl'^^ 

J. Mohna-Perez29, J. Monk™, E. Monnier^^ S. Montesano^^^^'^^^'", F. Monticelh^s, S. Monzani^'^^'i^'^, R.W. Moore', 

G. F. Moorhead*'^ C. Mora Hcrrera^^ A. Moraes^^^ N. Morange^^s, J. Morel^*, G. Morcllo^Sa^aeb^ Moreno^", 
M. Moreno Llaccr^'^^, P. Morcttini""^"^, M. Morgenstern^^, M. Morii'", J. Morin'^'', A.K. Morley'^, G. Mornacchi'^, 
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M. 01cese^°*, A.G. Olchevski^^, S.A. Olivares Pino^i^, M. Oliveira^^Sa.fe^ ^ Oliveira Damazio^", 
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G. Piacquadio29, A. Picazio^^, E. Piccaro^'', M. Piccininii^'^'is^, S.M. Piec"*!, R. Piegaia^^, D.T. Pignotti^os, 
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J.G. Rocha dc Lima"''\ C. Rodai2iaa2ib^ ^ j^oda Dos Santos^^, D. Rodriguczi^i, A. Roe^^, S. Roe^^, O. R0hne"'^, 

V. RojoS S. Rolli^*^°, A. Ro^laniouk9^ M. Romano^^'^^i^'', V.M. Romanov'^'', G. Romco^^, E. Romero Adamite, 

L. Roos^"^, E. Ros^ss, S. Rosati^^ia^ ^ Rosbach'*^ A. Rose"^, M. Rose^'\ G.A. Rosenbaumi'", E.I. Rosenberg^^, 
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G. Sciolla22, W.G. Scott^^s, J. Searcyi^^, G. Scdov^i, E. Sedykh^^o, E. Segura^S S.C. Seidel^o^, A. Seideni'^^, 
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S. Tapprogge^o, D. Tardif^", S. Tarem^^i, F. Tarradc^s, G.F. Tartarelh^*^, P. Tas^^s^ M. Tasevsky^^*^ 
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